We have developed a single/double layer model to explain horizontal shifting of measured D-E hysteresis loops ͑imprint͒ for ferroelectric thin films. Such phenomenon can be explained by considering three mechanisms or their multiple effects: ͑1͒ stress induced by film/electrode lattice mismatch or clamping, ͑2͒ domain pinning induced by, e.g., oxygen vacancies, or ͑3͒ degradation of ferroelectric properties in film/electrode surface layers. First, it is found that hysteresis loops under the influence of stress exhibit large horizontal shifts with magnitudes comparable to those observed in experiments. Second, a pseudo-non-switching layer with a large coercive field is assumed to be present at the film/electrode interface in an otherwise homogeneous ferroelectric thin film, and in this case our simulation also shows a large imprint effect. Third, it is also found that time-dependent space-charge-limited conduction is likely to be one origin for the occurrence of imprint.
I. INTRODUCTION
Ferroelectric ͑FE͒ thin films have attracted much attention for the application of nonvolatile memories due to their bistable polarizations as well as small size. However, reliability problems such as fatigue and imprint have been obstacles for memory device application. It is therefore important to understand the physical mechanisms behind these failures in order to further advance ferroelectric materials into the memory market and provide a carefully directed improvement of these materials. Currently, three major failure mechanisms are believed to be limiting the lifetime of ferroelectric memory devices ͑FMD͒: fatigue, retention loss, and imprint. In this study, we aim to provide a better understanding of the physical origin of imprint, which is a horizontal shift of the D-E hysteresis loop measured from a SawyerTower circuit. It is believed to be a result of the preference of one polarization state over another in ferroelectric bistability, which eventually leads to a failure when retrieving stored data. [1] [2] [3] [4] [5] Because of its influence in data storage, various efforts have been made to understand the origin of imprint.
Warren et al. 6 attributed the occurrence of imprint to defect dipoles related to oxygen vacancies. Abe and coworkers assumed a nonswitching layer between the ferroelectric layer and the bottom electrode, which is possibly formed by the relaxation of lattice misfit strain in the heteroepitaxial ferroelectric thin film. 5, 7, 8 Other explanations include domain pinning 1, 2 and presence of surface layers. 4, 5, 9 However, all these mechanisms suggested have not been fully examined by accurate physical models or simulations, and there has not been a general agreement on a definitive mechanism for imprint. On the other hand, asymmetric polarization switching ͑different up-and down-switching processes͒ has also been investigated, for it is believed to be a likely origin of imprint. Wang et al. 10 phenomenologically modeled the asymmetric behavior of polarization switching by including an odd-power term in the expression of Landau's free energy. However, the physical origin of such asymmetry in polarization switching has not yet been identified. Hong et al. used a high-resolution atomic force microscopy ͑AFM͒ to investigate domain nucleation and growth during polarization switching in sol-gel-prepared lead zinconate titanate ͑PZT͒ thin films, and revealed that the forward domain growth is the rate-limiting mechanism. 11 Baudry used a lattice model to simulate the shifting of hysteresis loops and took into account the effects of nonuniform space charge by introducing a doping layer in the ferroelectric film near the electrode. 12 Lee et al. modeled shifted hysteresis loops by considering asymmetric electrode materials. 13 Lo and Chen demonstrated that effects of space charge and Schottky barrier heights in electrode materials could be the origin of the horizontal shifting of measured hysteresis loops.
14 Recently, Lü and Cao introduced asymmetric surface layers to represent the case of one easy polarization direction; the modeled asymmetry in the hysteresis loop is due to the presence of nonscreened depolarization field. 9 However, almost all the modeled hysteresis loops mentioned above did not shift as much as those observed in experiments.
We have developed a model in which the polarizations near the bottom electrode are much harder to reverse than the others under the applied alternating voltage, which leads to horizontal shifting of measured D-E loops. Warren et al. have already demonstrated that ionic defects, such as oxygen vacancies produced by reducing treatment, are responsible for ferroelectric domain pinning and formation of nonswitching layers, which shifts the hysteresis loops horizontally. 6 We propose that nonswitching layers may be formed by lattice misfit stress or by electronic charge trapping at domain boundaries, leading to the occurrence of imprint. By treating some layers near the bottom electrode as graded surface layers induced by some degradation mechanisms, our simulation successfully reproduced the large horizontal shifting of hysteresis loops observed in experiments. Our results demonstrate clearly that irreversible layers near the electrode induced by stress or by trapped defects are likely to be the origin of imprint failure. In general, our model shows a good agreement with experimental results in literature.
II. THEORETICAL CONSIDERATIONS AND NUMERICAL CALCULATION

A. Review of the Landau model for switching
A ferroelectric film, placed in a Sawyer-Tower circuit, 15 is modeled as a stacking of N thin layers; each layer has a thickness ⌬x = L / N, where L is the film thickness. We take x = 0 at the interface between the ferroelectric film and the top electrode ͑Fig. 1͒ so that the position of any layer inside the film is given by x = i⌬x, where 1 ഛ i ഛ N. The polarization and electric field at position x and time t are respectively denoted as P͑x , t͒ and E͑x , t͒ and are defined to be along the positive x direction. The total free energy of the film can be expressed by a Landau-type free-energy expression
where ␣͑x͒ Ͻ 0 and ␤͑x͒ Ͼ 0 are the corresponding Landau coefficients at x. ␣͑x͒ is temperature dependent: ␣͑x͒ = a͑x͒ ϫ͑T − T c ͒, where a͑x͒ is a positive constant and the temperature T is smaller than the Curie temperature T C . ͑x͒ is the corresponding interaction coefficient between neighboring atoms. According to Landau's theory, the remanent polarization P r ͑x͒ and coercive field E c ͑x͒ are related to ␣͑x͒ and ␤͑x͒ as
The dynamics of dipoles is modeled using the LandauKhalatnikov kinetic equation, which is a phenomenological equation of motion:
The coefficient ␥ represents the viscosity that causes the delay in motion of individual dipole moments.
B. Time-dependent space-charge-limited conduction
In general, if there are inhomogeneities inside the ferroelectric film, the electric displacement D͑x , t͒ may not be spatially uniform. According to Gauss' law, there should be the presence of free space charges and the corresponding effect on electrical conduction has to be taken into account. In our previous study of compositionally graded ferroelectric film, 16 we derived the following formula for the timedependent conductivity associated with space charges and named it time-dependent space-charge-limited ͑TDSCL͒ conduction:
0 ͑x͒ is the intrinsic ͑Ohmic͒ conductivity; p and n are, respectively, the mobilities ͑ p , n Ͼ 0͒ of p-and n-type free carriers, which we simply assume to be spatially invariant. Equation ͑5͒ was derived by borrowing the law of mass action from semiconductor physics; 16 we will here give a further justification to the application of this law for ferroelectric materials that are more or less insulators. We will also illustrate that Eq. ͑5͒ is reducible to the well-known Mott's equation for steady-state ͑time-independent͒ space-chargelimited conduction ͑J ϳ V 2 ͒, which is derived for linear dielectrics with a single-carrier type. 17 Equation ͑5͒ is therefore a more general formula for conduction involving space charges. For a detailed derivation of Eq. ͑5͒, please refer to Sec. II of Ref. 16 .
The law of mass action in semiconductor physics states that the product of the concentrations of p-and n-type carriers is a constant. It is derived from ͑a͒ the equilibrium Fermi distribution of carriers in the absence of electric field, as well as from ͑b͒ the assumption that the distance of each band edge from the Fermi level is much larger than k B T, where k B is the Boltzmann constant and T is the temperature. 18 In the strictest sense, this law should not be applied in the presence of an electric field because the carriers no longer obey the Fermi distribution function. In our case, the justifications for applying this law lie on the fact that ͑a͒ ferroelectric materials are essentially insulators and that ͑b͒ the frequency of the applied voltage is not very high ͑about 1 kHz͒. An insulator can be regarded as a wide-band-gap semiconductor and we may assume that the band gap is wide enough so that the distance of each band edge from the Fermi level is much larger than k B T. Because it is an insulator, we may also assume that the system only undergoes a very small and negligible deviation from the equilibrium Fermi distribution. Furthermore, since the frequency of the applied voltage is not very high, any non-steady-state effect resulting from the time variation of electric field may be ignored.
To illustrate how Eq. ͑5͒ can be reduced to Mott's equation J ϳ V 2 , we recall that Eq. ͑5͒ was derived from the following definition of conductivity:
͑6͒
with the intrinsic ͑Ohmic͒ conductivity given by
For 0 ͑x͒ → 0 but ͑x , t͒ being nonzero, we must have C in ͑x͒ → 0 and either n or p remaining finite. Since the carrier concentrations ͓C in ͑x͒ + ⌬n͑x , t͔͒ and ͓C in ͑x͒ + ⌬p͑x , t͔͒ are non-negative, for C in ͑x͒ → 0 we must have ⌬n͑x , t͒ ജ 0 and ⌬p͑x , t͒ ജ 0 and must be respectively equal to the n-and p-type carrier concentrations. 
The definition of space charge reads ‫ץ‬D͑x,t͒ ‫ץ‬x = q͓⌬p͑x,t͒ − ⌬n͑x,t͔͒. ͑12͒
From Eqs. ͑10͒-͑12͒, it can be seen that only the following combinations of solutions are allowed: 
C. Method of numerical simulation
In real hysteresis-loop measurements, the voltage V ref ͑t͒ of the reference capacitor is recorded against the average electric field E ave ͑t͒ = ͓V 0 ͑t͒ − V ref ͑t͔͒ / L of the ferroelectric film ͑Fig. 1͒. The conservation of charge gives the continuity of the total current J͑t͒ across the circuit:
with the electric displacement D͑x , t͒ = ͑x͒E͑x , t͒ + P͑x , t͒ and the time-dependent conductivity given by Eq. ͑5͒. ͑x͒ and A ferro are, respectively, the dielectric permittivity and cross-sectional area of the ferroelectric film. 
The initial conditions at time t = 0 are P͑x ,0͒ =0, E͑x ,0͒ = 0, and correspondingly from Eq. ͑4͒, the derivative ͓‫ץ‬P͑x , t͒ / ‫ץ‬t͔ t=0 = 0 for all x inside the film. Having a sinusoidal applied voltage V 0 ͑t͒ = V 0 max sin͑t͒ such that V 0 ͑0͒ = 0, it follows from Eq. ͑19͒ that the initial voltage V ref ͑0͒ must also be zero. With all the above initial conditions speci-fied, the values of every quantity at subsequent time steps can be computed by the forward Euler method.
The derivatives ‫ץ‬E͑x , t͒ / ‫ץ‬t and dV ref ͑t͒ / dt at time t can be determined from the following equations, which follows directly from Eqs. ͑18͒ and ͑19͒:
͑21͒
so that the electric field and capacitor voltage at a later time t + dt can be determined:
By determining ‫ץ‬P͑x , t͒ / ‫ץ‬t from E͑x , t͒ and P͑x , t͒ using Eq. ͑4͒ ͑Landau-Khalatnikov͒, the polarization at ͑t + dt͒ can also be determined:
The foregoing formulation is employed in the investigation of the imprint effect discussed earlier. Except when especially defined, the values of the parameters which we use in the calculation are listed as follows: Also, except when especially emphasized, all the simulated loops shown in this paper have already reached their steady states.
III. RESULTS AND DISCUSSION
Stress, oxygen-vancancy-induced domain pinning, and film-electrode surface layers characterized by degradation of film properties have been suggested as possible origins of the imprint 1,2,4,5,7-9 and have therefore become the subject of our present investigation. Table I shows all the adopted values for the properties of the bulk and surface layers, as well as the applied field parameters, for our calculation in each figure.
A. Effect of stress
In heteroepitaxial films, the crystal structure may usually deviate from the original structure to a large extent. 7 As a result of clamping-induced electrode-film interaction 19, 20 and the corresponding thermal or lattice mismatch 21 interfacial stress is always present at the surface. Müller and Thomas investigated the thickness dependence of early-stage stress development in two-dimensional solid film growth and obtained the following exponential stress distribution function:
x/␣ t , where xЈ = L − x and 0 Ј is the film/bottom electrode interfacial stress.
22 0 ЈϾ 0 and 0 Ј Ͻ 0 represent the presence of tensile and compressive stress, respectively, and ␣ t is a parameter that describes the physics of long-range interactions between the deposited layers.
In the presence of stress, Eq. ͑1͒ should be expanded as
where Q is the electrostrictive coefficient and s is the elastic compliance constant. The Landau-Khalatnikov equation then becomes TABLE I. The properties of the ferroelectric thin film and some related parameters used in our calculations. 
͑26͒
In our simulation, we use 0 Ј= −1.5ϫ 10 9 Pa and Q = 6.6 ϫ 10 −2 m 4 /C 2 . Figure 2 shows the simulated D-E loop by using the modeling approach discussed in Sec. II C, which is similar to the experimental loops reported in literature. 7, 8, [23] [24] [25] [26] [27] and therefore suggests that film-electrode lattice mismatch may be one possible origin of imprint.
Effects of stress on film properties have previously been investigated, where significant changes in hysteresis loop behavior have been observed. 28, 29 Both experimental and theoretical results show that the coercive field E c increases when the film is compressively stressed. 30, 31 From the abovementioned exponential stress distribution function, we know that the stress is maximum at the film/bottom electrode interface. The coercive field near the bottom electrode is thus likely to be larger than elsewhere so that the polarization in this region is much harder to reverse, inducing a pseudo-nonswitching layer that is probably the ultimate origin of imprint.
B. Effect of domain pinning
Experimental results in literature show that domain pinning near film/electrode interfaces 32, 33 is mainly caused by the presence of oxygen vacancies. Al-Shareef et al. proposed that electron trapping is a result of the alignment of defectdipole complexes. 34 In particular, interface-trapped charges will lead to the pinning of dipoles which can be regarded as the preference of one polarization state over another. Such pinning phenomena have been reported for PZT and BaTiO 3 by Dimos and co-workers. 35, 36 They showed that the occurrence of imprint can be attributed primarily to domain-wall pinning due to charge trapping. 36 He and Vanderbilt investigated the interaction between oxygen vacancies and domain walls using density-functional theory and then conducted a first-principles investigation of oxygen-vacancy pinning of domain walls in PbTiO 3 . 37 We assume that a pseudo-non-switching surface layer is formed at either film/electrode interface ͑Fig. 3͒. Compared with the bulk, we assume that this surface layer has a much larger coercive field but roughly the same remanent polarization. In fact, it has been experimentally observed that the presence of defects or damage vacancies will induce a larger coercive field but a smaller remanent polarization, [38] [39] [40] [41] [42] making the polarization harder to reverse and producing a pseudo-domain-pinning effect in the surface layer. The electric displacements across the ferroelectric layer D f and across the surface layer D d are given by the following equations:
where E denotes electric field and P polarization, while the subscripts f and d denote the normal ferroelectric region and nonswitching surface layer, respectively. The average field across the thin film is calculated as
where represents the thickness fraction of the nonswitching layer in the film. Taking into account the surface nonswitching layer, the continuity of total current can be expressed as
where ͑x , t͒ and ͑x͒ are the time-dependent space-chargelimited conductivity mentioned in Sec. II B and permittivity, respectively. Figure 4͑a͒ shows the simulated results of the D-E hysteresis loop for ferroelectric thin films in the presence of the pseudo-non-switching layer. The modeled P-E relations of the ferroelectric and nonswitching layers are respectively shown in Figs. 4͑b͒ and 4͑c͒ . It can be seen that the hysteresis loop of the ferroelectric layer is completely cycled, while the polarization of the nonswitching layer only stays in the lower part of the P-E loop so that polarization switching cannot occur. The simulated D-E loop shown in Fig. 4͑a͒ has a large horizontal shift to the right side, giving evidence that domain pinning within the surface layer could lead to an imprint. Loops with negative susceptibility like those depicted in Fig. 4͑b͒ have already been reported in a paper describing the ferroelectric behavior of some barium titanate poled ceramics, 43 and Ricinschi et al. have discussed the physical meaning of the negative-susceptibility regions in hysteresis loops. 44 Figure 4 is obtained when we apply a sinusoidal wave without any initial phase. If there exists an initial phase such that V 0 ͑t͒ = V 0 max sin͑t + ͒, all the above-mentioned D-E and P-E relations only change by a 180°flip about the x and y axis, as shown in Fig. 5 . It is because in the nonswitching layer the polarization stays in the upper part of the loop instead of in the lower part, as shown in Fig. 5͑c͒ . It should be noted that the types of "longtail" hysteresis loops shown in Fig. 4͑a͒ and Fig. 5͑a͒ exhibit a striking similarity with those observed in experiments, 3, 7, 8, 25, 27 thus justifying the validity of our model that includes a pseudo-non-switching surface layer. Figure 6 shows the effect of the thickness ratio of the nonswitching layer on the hysteresis loop. When = 0.01, the simulated loop almost centers at the origin and no notable horizontal shift is observed. With increasing, the magnitude of the horizontal shift increases. Therefore, our model should be confined to the study of thin ferroelectric films where the surface layer has an appreciable thickness fraction.
We have used a double-layer model with an abrupt interface to model the imprint effect under the influence of domain pinning near the film/electrode interface. Similar re- FIG. 4 . When the polarization of the nonswitching layer only stays in the lower part of the P-E loop: ͑a͒ D-E hysteresis loop for ferroelectric thin films, ͑b͒ modeled P-E relations of the ferroelectric layer, ͑c͒ modeled P-E relations of the nonswitching layer.
FIG. 5.
When the polarization of the nonswitching layer only stays in the upper part of the P-E loop: ͑a͒ D-E hysteresis loop for ferroelectric thin films, ͑b͒ modeled P-E relations of the ferroelectric layer, ͑c͒ modeled P-E relations of the nonswitching layer.
sults are obtained if the interface is replaced by a smoother one with gradual variation in properties. We have also calculated the shift effect by assuming Ohmic conductivity alone, i.e., assuming ͑x , t͒Ϸ 0 and not using the full TDSCL conductivity expression in Eq. ͑5͒. It is found that a shift also exists and that the shift magnitudes are about one third to one half of the shift magnitudes from the TDSCL conduction calculations for some typical 0 values of a ferroelectric thin film. 16 We therefore suggest that the TDSCL conduction is likely one of the dominating factors even in the presence of domain pinning for the occurrence of large imprint effects observed in experiments.
C. Effect of graded surface layer
It has been known experimentally that ferroelectric properties of surface layers such as remanent polarization and permittivity are weaker than those of the bulk region. [45] [46] [47] Such degradation of ferroelectric properties 19 has been suggested to occur for reasons such as: ͑a͒ interdiffusion between a ferroelectric thin film and electrode, 48 ͑b͒ insufficient flatness of bottom electrode and film, and ͑c͒ vacancies of Pb and/or oxygen. 49 It is justifiable to model the surface layer as a graded one in which the permittivity and remanent polarization decrease gradually from the bulk values ͑Fig. 7͒. Figure 8 shows the measured D-E loop simulated from our model incorporating a graded surface layer near the bottom electrode, for which a large horizontal shift is produced ͑see Table II for related parameters͒. Note that this type of hysteresis loop can be found in related experimental measurements.
6 Figure 9 shows the effect of the thickness ratio of the graded layer on the hysteresis loop; the magnitude of the horizontal shift increases with the fraction of the graded layer. Figure 10͑a͒ illustrates two cases where only the Ohmic conductivity is considered and where the effect of the TDSCL conduction is taken into account. There is almost no horizontal shift when only the Ohmic conductivity is considered, but a notable horizontal shift is observed when the TDSCL conduction is taken into account. Figure 10͑b͒ shows the time evolution of interfacial charge ͑=D d − D f ͒ for, respectively, the consideration and the neglect of the TDSCL conduction. It is interesting to see that there is an average positive interfacial charge accumulated when the TDSCL conduction is taken into account, while there is almost no interfacial charge accumulation for the case when only the Ohmic conduction is considered. Figure 11 shows the time development of electric fields in the bulk ferroelectric layer ͑E f ͒ and the graded surface layer ͑E d ͒; a large positive dc bias has accumulated in the graded surface layer while a much smaller negative dc bias has done so in the bulk layer. On the other hand, the electric-field distributions inside the bulk and graded surface layers are both nonuniform. The electric field tends to be concentrated within the graded surface layer, possibly because this region tends to acquire a strong field for polarization reversal. 7 It is found that the measured D-E loop shifts to the opposite side when the graded surface layer is placed adjacent to the top electrode instead of the bottom one, where the gradient of the surface layer is reversed; i.e., the direction of horizontal shift is determined by the gradient of the surface layer. Summing up, we have taken the TDSCL conduction into account to investigate the effects of stress, domain pinning, and graded surface layer on the hysteresis loops. In the first and third cases, the consideration of the TDSCL conduction is necessary to lead to the horizontally shifted hysteresis loops; while the Ohmic conduction is also able to give a horizontal shift behavior when considering domain pinning, it is unable to produce large shift magnitudes observed in some ferroelectric thin film systems. Therefore, although the consideration of the TDSCL conduction is not a requisite for the shift effect in all cases, it is likely to be one of the possible origins for the occurrence of imprint where large shifts of hysteresis loops are observed in experiments.
In general, the qualitative similarity between published experimental results and our simulation shows that stress, domain pinning induced by, e.g., oxygen vacancies, and graded surface layers or their multiple effects are likely to be responsible for the widely observed imprint phenomena. Our model can be extended to study how different parameters like thickness, permittivity, and spontaneous polarization of the bulk and surface layers affect hysteresis loop measurement.
IV. CONCLUSIONS
A model has been introduced to explain the occurence of imprint phenomena widely reported in literature. This model adopts the Landau-Khalatnikov equation to describe the hysteresis behavior and takes the time-dependent space-chargelimited conductivity into account to investigate the effects of stress, domain pinning, and degradation of ferroelectric prop- erties at film/electrode surface. Our calculation produces the large horizontally shifted loops by considering the effects of stress and nonswitching layers. The qualitative agreement between simulation and experiment supports the notion that imprint phenomena may originate from stress induced by lattice mismatch or clamping effect of the substrate, domain pinning induced by defect-dipole alignments, and/or the existence of graded surface layer. However, further efforts are needed to better understand the physics behind the imprint effect.
